Introduction
Halogenated organic compounds, organohalogens, are important environmental chemicals. They have been indispensable to many industries and applied as solvents, degreasing agents, pesticides, insecticides, pharmaceuticals, fire retardants and intermediates for chemical synthesis (H€ aggblom and Bossert, 2003) . Although limited in diversity, anthropogenic organohalogens have been produced in large quantities. For example, production of chlorinated ethene and ethane solvents in the U.S. ranged from 78 to 8000 kt/y in the early 1990s (Fetzner, 1998) . As a consequence of the massive use and often uncontrolled disposal, anthropogenic organohalogens have heavily contaminated the environment. The toxic nature and environmental persistence of industrial organohalogens raised public concern (Carson, 1962) . Indeed, the majority of persistent organic pollutants with severe impact on human, animal and environmental health listed by the Stockholm Convention are polyhalogenated (Hagen and Walls, 2005 ). This has provoked many studies aimed at understanding microbial detoxification of anthropogenic organohalogens and development of effective bioremediation strategies (H€ aggblom and Bossert, 2003; Adrian and L€ offler, 2016) . Organohalogens and material from contaminated sites were investigated in laboratory microcosms in search for aerobic and anaerobic dehalogenating organisms. Microbes were found that could break the carbonhalogen bound and reduce organohalogen persistence and often toxicity (Chacko et al., 1966; Wedemeyer, 1966; Reineke and Knackmuss, 1988; McCarty, 2016) . Whereas aerobic microbes employ oxygenolytic and hydrolytic mechanisms to replace the halogen substitute with hydroxyl groups derived from oxygen and water respectively (Reineke and Knackmuss, 1988) , a special group of bacteria was found that use hydrogen to replace the halogen substitute-the organohaliderespiring bacteria (OHRB) (Dolfing and Tiedje, 1987; Mohn and Tiedje, 1990) . These anaerobic bacteria use organohalogens as terminal electron acceptors in an energy-conserving respiratory process designated as organohalide respiration (OHR) (H€ aggblom and Bossert, 2003; Adrian and L€ offler, 2016) .
Whereas organohalogens were once considered purely anthropogenic, over 5000 of these compounds are currently known to be produced naturally with both beneficial and deleterious impacts (Gribble, 2010) . Organohalogens such as chloramphenicol (compound number 15, Fig. 1 ) and vancomycin (16) produced for ecological purposes and chemical defence (Bengtson et al., 2009) are important drugs. In contrast, natural geogenic and biogenic processes can produce notoriously toxic organohalogens such as polychlorinated dibenzo-p-dioxins (PCDDs) (6) and polybrominated diphenyl ethers (PBDEs) (1), with some of the latter being even more toxic than their anthropogenic counterparts (Wiseman et al., 2011) . PCDDs were found in sediments dated at 1-10 million years of age from the Yellow Sea, the East China Sea and the Pacific Ocean (Hashimoto et al., 1995) indicating the ancient origin of natural organohalogens. Moreover, volatile halomethanes emitted to the atmosphere from the oceans and forest soils are important ozone-depleting metabolites (Hossaini et al., 2015) . Although most natural organohalogens such as antibiotics are produced in trace quantities, others such as halomethanes are naturally produced in massive quantities. For example, of the 700-820 Gg/y global production of chloroform (8), 90% or more is of natural sources (Field, 2016) .
The ancient production (Hashimoto et al., 1995) and resulting environmental exposure to naturally occurring organohalogens suggests that selective pressures may have existed during the long evolution of microbes, resulting in the development of a broad range of detoxification biochemistries (Harper, 2000; L€ offler et al., 2004; Smidt and de Vos, 2004) . In line with this, increasing evidence shows the occurrence of OHRB in pristine environments not known to be contaminated with anthropogenic organohalogens (Boyle et al., 1999a; Ahn et al., 2003; Kittelmann and Friedrich, 2008a,b; Futagami et al., 2009; Kawai et al., 2014; Krzmarzick et al., 2014; Yang et al., 2017) . Although some anthropogenic organohalogens can be transported over thousands of kilometres (Carson, 1962; Sladen et al., 1966; Peterle, 1969) , the wide distribution of ORHB in remote environments cannot be solely explained by anthropogenic pollutants produced in the last 150 years. Rather, the large number, phylogenetic depth and molecular dating of the key reductive dehalogenase homologous (rdh) genes (McMurdie et al., 2009; Hug et al., 2013a) indicate the ancient origin of OHR, probably dating back at least to the 'Great Oxidation Event' over two billion years ago (Zinder, 2016) . Moreover, recent studies not only showed co-occurrence of OHRB and natural organohalogens (Krzmarzick et al., 2012; Zlamal et al., 2017) , but also of the genes encoding halogenating and dehalogenating enzymes (Weigold et al., 2016; Zlamal et al., 2017) . This implies that OHRB thrive on naturally produced organohalogens and thereby contribute to natural cycling of halogens.
This review sheds light on the natural origin and (bio)-synthesis of selected representative industrially important organohalogens, the cosmopolitan distribution of OHRB in pristine marine and terrestrial environments and their potential roles within the natural halogen cycle. As such, we hope to promote the investigation of the physiology and biochemistry of OHRB metabolizing naturally occurring organohalogens, the ecological roles they play in pristine ecosystems and in a broader context, the potential interdependency between natural halogenation and dehalogenation mechanisms. This will probably aid in understanding the metabolism of xenobiotic organohalogens and the evolutionary precursors of reductive dehalogenases.
Natural sources of organohalogens: an update
Some natural organohalogens have similar or identical structures as organohalogen contaminants of industrial origin. Comprehensive overviews are provided elsewhere (van P ee, 1996; Gribble, 2010; Field, 2016) . Adding to this wealth of knowledge, we here discuss recent examples of natural organohalogens that are of importance due to their additional widespread industrial production and toxicity, and for which natural sources were occasionally disputed.
The soil bacterium Sinorhizobium meliloti (strain 1021) was recently shown to produce tetrachloroethene (PCE) (7), one of the most important industrial contaminants. This is an important finding considering the rarity of reports of PCE biosynthesis and widespread occurrence of S. meliloti as a common soil bacterium . Another recalcitrant organohalogen, chloroform, is mainly produced naturally in various aquatic and terrestrial ecosystems and has received increasing attention due to its destructive impact on the ozone layer (Hossaini et al., 2015) . Compound-specific isotope analyses revealed that natural and anthropogenic chloroform have distinctly different carbon (Hunkeler et al., 2012) and chlorine (Breider and Hunkeler, 2014) isotope signatures that allow to identify the origin of chloroform in soil and groundwater. Recent findings showed chloroform production in Arctic and subarctic organic-rich soils (Albers et al., 2017) and in neutral or moderately acidic hypersaline lakes (Ruecker et al., 2014; Ruecker et al., 2015) . Interestingly, natural chloroform emissions from the salt lakes were primarily of biogenic origin.
The flame retardant PBDEs (1) have natural counterparts produced by marine invertebrates. These brominated diphenyl ethers are hydroxylated (OHBDEs), which is a distinctive feature of these metabolites compared to the manmade PBDEs. OH-BDEs are ubiquitous in marine food webs and are of major concern due to their toxicity and bioaccumulation (Athanasiadou et al., 2008) . The natural source of these metabolites was a matter of debate since the hydroxyl moiety was thought to be introduced to industrially produced PBDEs, e.g., 6OH-BDE47 (17) resulting from hydroxylation of BDE47 (2) (Wan et al., 2009) . This argument was settled by recent findings that clarified the genetic basis for biosynthesis of these metabolites. Conserved gene clusters for OH-BDEs biosynthesis were found in Pseudoalteromonas spp., marine Gammaproteobacteria (Agarwal et al., 2014) and a cyanobacterial symbiont of Dysideidae sponges (Agarwal et al., 2017b) . The functionality of identified biosynthetic gene products was experimentally validated by heterologous expression in a cyanobacterial host. Interestingly, no biosynthetic gene was found in the eukaryotic sponge host (Agarwal et al., 2017b) .
Halogenation mechanisms
Different biotic and abiotic reactions can incorporate halogens to organic compounds (Neidleman and Geigert, 1986). Biotic halogenation is mainly mediated either intracellularly by highly substrate-specific halogenases that require oxygen and use either flavin or a-ketoglutarate/Fe(II) as co-substrates, or more prevalently extracellularly by less specific heme-and vanadiumdependent haloperoxidases that require H 2 O 2 Wever and van der Horst, 2013) . Marine sessile organisms such as sea grass, sponges, corals and hemichordates that lack physical defences are thought to use organohalogens as effective chemical defence in face of predators (Gribble, 2010; Bayer et al., 2013) (Fig. 2) . Organohalogens can also be produced abiotically through Fenton-like and peroxidative mechanisms, photochemical reactions, volcanic activity and combustion of organic matter, e.g., during forest fires (Keppler et al., 2002; Gribble, 2010; Leri and Myneni, 2012; Leri et al., 2014; M endez-Díaz et al., 2014; Comba et al., 2015) . For example, in presence of Fe 21 , Fig. 2 . Formation of organohalogens from NOC by biotic (enzymatic) and abiotic (Fenton-like mechanisms, peroxidative and photochemical reactions) halogenation mechanisms. The volatile fraction of organohalogens is emitted to the atmosphere and the non-volatile fraction is deposited in seafloor sediment with marine snow. The deposited organohalogens are dehalogenated by RD and the carbon scaffold becomes available for heterotrophic degradation and thereby recycling halides (X -) and CO 2 to seawater.
H 2 O 2 can produce OH radicals that will react with halogens producing reactive halogen species. Reactive halogen species are strong oxidants and important natural sources for non-specific halogenation of natural organic carbon (NOC) (Comba et al., 2015) . Solar irradiation of NOC in seawater can also mediate non-specific halogenation by photochemically generated reactive halogen species (M endez-Díaz et al., 2014) . Halogens in marine environments are also intertwined in the 'biological pump', a process that transports large amounts of NOC from the surface to the deep interior of the oceans (Honjo et al., 2008) . This continuous shower of NOC known as 'marine snow' not only affects carbon flux but also other elements such as halogens, incorporated into NOC by non-specific enzymatic and abiotic pathways (Fig. 2) . The resulting organohalogens are usually recalcitrant or poorly degradable and only partly decay to volatile organohalogens that are emitted to the atmosphere where they contribute to catalytic ozone destruction (Wever and van der Horst, 2013) . The nonvolatile organohalogens that do not decay may accumulate in marine sediments (Leri et al., 2010; Leri et al., 2015) (Fig. 2) . Therefore, organic sedimentation can have significant impact on organohalogen settlement in the seabed floor and concomitant removal of halogens from the seawater. As discussed below in more detail, reductive dehalogenation (RD) plays an important role in the natural halogen cycle by initiating degradation of the deposited organohalogens and thereby recycling halides and CO 2 back to seawater (Fig. 2) .
Dehalogenation mechanisms
A variety of microbial dehalogenation strategies have been described that can remove halogens from organic compounds by oxidation, reduction and substitution mechanisms that are employed in co-metabolic and/or energy-yielding modes (Reineke and Knackmuss, 1988; H€ aggblom, 1992; Fetzner, 1998; Van P ee and Unversucht, 2003; Smidt and de Vos, 2004; Agarwal et al., 2017a) . Among different organisms mediating cleavage of carbon-halide bonds, OHRB are of particular interest for a number of reasons: (i) OHRB are anaerobes and can reside in anoxic habitats such as marine subseafloor sediments as the largest anoxic ecosystem on Earth, (ii) organohalogens are excellent electron acceptors with redox potentials of 210-470 mV that are comparable to the redox potential of NO OHR (Dolfing, 2016) , (iii) some members of the class Dehalococcoidia within the phylum Chloroflexi are exclusively dependent on OHR as their sole energy metabolism, and their genomes encode many yet functionally uncharacterized rdhA genes (Zinder, 2016) , (iv) many OHRB are capable of reducing highly halogenated organohalogens that usually resist aerobic degradation. The key enzymes in OHR are membrane-associated reductive dehalogenases encoded by rdhAB genes. The catalytic subunit (RdhA) generally contains a corrinoid cofactor, two C-terminal iron-sulfur clusters and an Nterminal TAT (twin-arginine translocation) signal peptide necessary for secretion of the mature RdhA protein across the cell membrane where it is located at the exocytoplasmic face of the cytoplasmic membrane (Schubert and Diekert, 2016; Fincker and Spormann, 2017) .
OHR in marine environments
OHR potential from pristine marine environments was first reported in intertidal marine sediments that contained halophenol-producing hemichordates. This study showed anaerobic 2,4-dichlorophenol (2,4-DCP, 11) dehalogenation to phenol whereas 2,4-DCP was resistant to aerobic degradation (King, 1988) . Both dechlorinating and debrominating bacteria have been found in marine sediments inhabited by hemichordate burrows known to produce halometabolites (Steward et al., 1995; Boyle et al., 1999b; Watson et al., 2000) . OHR potential was also reported for microorganisms associated with marine sponges that are natural sources of brominated metabolites. Bromophenols, but not chlorophenols, were dehalogenated, and rdhA genes were concurrently detected from the enrichments by PCR-based methods indicating that dehalogenation of brominated aromatic compounds was mediated by sponge-associated OHRB (Ahn et al., 2003) . Incubations of sediment slurry obtained from the North Sea tidal flat and stable isotope probing of ribosomal RNA (rRNA) with 13 C-labelled acetate identified a deep clade in the phylum Chloroflexi involved in PCE reductive dechlorination (Kittelmann and Friedrich, 2008a) , subsequently identified as the genus Dehalogenimonas (Moe et al., 2009) . A step forward in extending potential OHR metabolism to subseafloor sediments was the widespread detection of rdhA genes by PCR at disperse locations and depths in the open Pacific Ocean (Futagami et al., 2009) . After pre-amplification to increase DNA concentration, the rdhA genes were preferentially detected in organic-rich shallow sediment columns of few meters as opposed to deeper layers with increasingly recalcitrant organic matter. However, OHRB presence/activity cannot be concluded only based on rdhA gene detection and experimental verification of OHR is necessary. Interestingly, incubation of slurries obtained by mixing sediments from 1.9 to 155 m below the seafloor (mbsf) showed 2,4,6-tribromophenol (2,4,6,-TBP) and trichloroethene (TCE) dehalogenation to phenol and dichloroethene respectively (Futagami et al., 2009) . With samples obtained far away from the continental margins and possible anthropogenic contamination, this study indicated that OHRB are well-represented in marine subseafloor sediments. In a follow-up study, vertical distribution of OHR potential and rdhA genes were surveyed from subseafloor sediments from the northwest Pacific off the Kii Peninsula of Japan. Debromination of 2,4,6-TBP was detected only in the shallow subsurface samples collected at 1.9 and 4.7 mbsf, despite detection of rdhA genes in deeper sediments up to 66.6 mbsf (Futagami et al., 2013) . Restriction of OHR to shallow sediments is in line with the known diet of fastidious OHRB that demand different organic cofactors and thrive under organic-rich conditions (Schipp et al., 2013; Atashgahi et al., 2017) . It is also conceivable that the applied cultivation conditions were not optimal for OHRB residing in deep subseafloor that may have orders of magnitude slower growth rates than current laboratory-grown cultures (Starnawski et al., 2017) . Moreover, the applied structurally simple organohalides might not be the ideal electron acceptors for OHRB in deeper sediments. Whereas these compounds can be produced naturally, are easily available commercially and easy to handle in the laboratory, they are prone to rapid dehalogenation by OHRB and can be dehalogenated/depleted in organicrich surface layers. In line with this, organobromine compounds as the main constituents of marine organohalogens were shown to steeply decline in concentrations in seabed sediments already in the top 10-15 cm due to their susceptibility to (bio)degradation (Leri et al., 2010) . Therefore, the organohalogens in the deeper sediment layers are likely more recalcitrant molecules with complex structures and the local OHRB adapted to such diet might not grow with structurally simple organohalogens. Knowledge of the composition of halometabolites in subseafloor sediments is essential to direct OHRB cultivation.
Metagenomic analysis of the deep subseafloor on the Pacific margin revealed a high frequency of diverse rdhA genes with relatively constant distribution in organic-rich sediment columns at five different depth horizons (0.8, 5.1, 18.6, 48.5, and 107 mbsf) (Kawai et al., 2014) . Similarly, rdhA genes were found in metagenomes obtained from subseafloor sediments collected at 31 and 136 mbsf in the Canterbury Basin (Gaboyer et al., 2015) and down to 85 mbsf in organic carbon-rich, nutrient-replete and permanently anoxic Baltic Sea sediments . Using the same sediment cores as Marshall and colleagues, a complementary study found transcripts of Dehalococcoides-related Chloroflexi 16S rRNA and tceA genes at 12, 15, and 42 mbsf indicating that putative OHRB were among the active members of the community thriving in the deep subsurface (Zinke et al., 2017) . Interestingly, the highest measured relative abundance of rdhA genes coincided with a peak in the Br 2 /Cl 2 ratio Zinke et al., 2017) likely due to biogenic Br 2 production from decomposition of organic matter (Martin et al., 1993) and dehalogenation of organobromine compounds (Berg and Solomon, 2016) . Analysis of vertical distribution of microbial communities in different marine sediments using 16S rRNA gene amplicon sequencing and quantitative PCR (qPCR) revealed that Dehalococcoidia constitute a small fraction of the entire community at the surface and become predominant in deeper sediment layers (> 3 mbsf), indicating their efficiency in energy conservation for cellular maintenance and growth in deeper sediments Starnawski et al., 2017) . Different Dehalococcoidia clades were stratified over sediment depth with abrupt shifts likely due to environmental selection imposed by varying local biogeochemistry . Local sedimentary heterogeneity was similarly proposed to govern Dehalococcoidia community dynamics in Arctic marine sediments where strong positive and negative correlations of Dehalococcoidia were noted with total organic carbon and Mn 21 respectively . These reports showed that different subgroups of Dehalococcoidia likely have different metabolic traits that are stratified over sediment depth, following gradients of electron donors/acceptors and organic matter quality and age.
Evidence from recent single-cell genomic studies of marine Dehalococcoidia is in line with such metabolic plasticity of Dehalococcoidia. Accordingly, no rdhA genes were found in the single-amplified genomes Dsc1 and DscP2 (Kaster et al., 2014) and DEH-J10 (Wasmund et al., 2014) . In contrast, numerous genes encoding enzymes involved in the oxidation of fatty acids and aromatic compounds were found. A subsequent study showed that DscP2-related Dehalococcoidia are widespread in marine sediments (Gaboyer et al., 2015) . This implies that predominant marine microorganisms related to known OHRB restricted to OHR may not rely on OHR for energy conservation, but rather on organotrophic and fermentative metabolic modes. Similar metabolic flexibility was proposed from two recently obtained single-amplified genomes from subseafloor sediments, DEH-C11 (Dehalococcoidia) (Wasmund et al., 2016) and An-B22 (Anaerolineales) (Fullerton et al., 2016) , each harbouring a single rdhA gene. The predicted enzymes contain binding motifs for FeS clusters, one of the key features of known RdhA enzymes, suggesting functionality of the encoded enzyme. However, no TAT signal was identified (Fullerton et al., 2016; Wasmund et al., 2016) . Interestingly, the TAT motif was also absent from the Smkt1 cluster of rdhA genes obtained from (Kawai et al., 2014) . If similar rdhA genes lacking a TAT signal are present in environments investigated in the framework of former PCR-based surveys of subseafloor sediments (Futagami et al., 2009; , they have obviously been overlooked since the key RRF2 primer applied in these studies targets the conserved TAT motif region (Krajmalnik-Brown et al., 2004; Lu et al., 2015) .
In absence of a TAT motif, the resulting reductive dehalogenase enzyme might not be properly targeted to the cytoplasmic membrane and could therefore lack respiratory reductive dechlorination potential. It is tempting to speculate that cytoplasmic dehalogenation could confer an ecological advantage by facilitating further catabolism of the organic carbon resources that are otherwise locked as organohalogens. This trait has been described for the aerobic marine bacteria Comamonas sp. 7D-2 (Chen et al., 2013) and Nitratireductor pacificus pht-3B (Payne et al., 2015) that harbour catabolic reductive dehalogenases and can reductively dehalogenate and completely degrade their organohalogen substrates. In contrast, OHRB do not use the dehalogenated products as carbon source for their own metabolism, however, can make organic carbon scaffolds accessible for degradation by other heterotrophic organisms creating a foodweb (Shelton and Tiedje, 1984; Dolfing and Tiedje, 1986; Becker et al., 2001; Liang et al., 2013) . This can underpin mutualistic interactions between the nutritionally demanding OHRB and heterotrophic bacteria and archaea: the exchange of growth factors (in particular the key corrinoids) in return for otherwise chemically locked carbon sources.
OHR in terrestrial environments
An overview of the reports from pristine terrestrial environments shows occurrence of OHRB in forest, agricultural and garden soils with no known history of contamination with industrial organohalogens (Table 1) . Similarly, grape pomace compost without prior exposure to chlorinated solvents was discovered to harbour a member of the genus Dehalogenimonas (Table 1) . However, complete lack of exposure to anthropogenic organohalogens cannot be fully excluded in these environments, e.g., due to widespread distribution of halogenated pesticides and other organohalides (Carson, 1962; Sladen et al., 1966; Peterle, 1969) .
OHRB enriched from pristine paddy soil were shown to reductively dehalogenate the herbicide pentachlorophenol (PCP, 3) (Yoshida et al., 2007b) , the fungicide 4,5,6,7-tetrachlorophthalide (fthalide, 4) (Yoshida et al., 2009) and the brominated flame retardant tetrabromobisphenol A (TBBPA, 5). Pre-exposure to natural chlorophenols that are known to be produced in soil (e.g., 9-12) (Hoekstra et al., 1999) might have primed dehalogenation of these phenolic xenobiotic organohalogens. Interestingly, chlorophenols such as 2,3,5-trichlorophenol (2,3,5-TCP, 13) and 2, 3, 5, 3, 5, 14) and can also be produced from demethylation, reductive dehydroxylation and dechlorination of the fungal metabolite Not found (Krzmarzick et al., 2014) Grape pomace compost Stuttgart, Germany PCE, VC Dehalogenimonas sp. cerA (Yang et al., 2017) tetrachloro-4-methoxyphenol (TCMP, 18) by Desulfitobacterium hafniense strain PCP-1 and mixed microbial communities (Milliken et al., 2004a) . TCMP is an environmentally important fungal product from chlorinated hydroquinone metabolites due to its potential physiological role during lignin degradation and has been detected in composite forest litter (De Jong and Field, 1997) .
Complete RD of different chlorinated hydroquinone metabolites such as TCMP and 2,3,5,6-tetrachloro-1,4-dimethoxybenzene (TCDB, 19) by different strains of the genus Desulfitobacterium was reported and proposed to play an important ecological role in driving the evolution of OHR in anoxic terrestrial environments such as flooded soil, sediment and rotting logs impacted by fungal chlorinated hydroquinone metabolites (Milliken et al., 2004b) . The occurrence and fate of natural organohalogens in terrestrial ecosystems were recently investigated in relation to dehalogenation mechanisms. In forest soil cores from Minnesota, USA, the abundance of Dehalococcoides-related Chloroflexi was correlated with the fraction of soil total organic carbon present as organochlorines. Significant growth of these putative OHRB without a lag phase was noted in soil microcosms amended with a mixture of enzymatically produced organohalogens (Krzmarzick et al., 2012) indicating their active state in their natural habitat. A survey of coastal Arctic wet tundra soils revealed substantial concentrations of organochlorine compounds (245 ppm on average) and different halogenase-encoding and rdhA genes were recovered by metagenomic analysis (Zlamal et al., 2017) . Genome sequences with close similarity to the genome of D. mccartyi were found, and laboratory incubations with a mixture of PCE and DCE led to significant chloride release that was not observed in corresponding abiotic controls. However, neither presence of daughter products of PCE/DCE respiration nor growth of putative OHRB was surveyed (Zlamal et al., 2017) . Similarly, studies on halogenation and dehalogenation potential in a German forest soil detected the biotic formation of chloroform and bromoform and co-occurrence of genes coding for specific and unspecific halogenases as well as metabolic and cometabolic dehalogenases in corresponding metagenomic data sets (Weigold et al., 2016) . Interestingly, halogenase and dehalogenase encoding genes occurred at relative abundances similar to essential soil microbial community functions, i.e., microbial nitrogen cycling (nosZ, nif-genes) or housekeeping genes encoding, e.g., DNA or RNA polymerases, indicating the importance of halogenation and dehalogenation reactions in forest soils (Weigold et al., 2016) .
In a metagenomic analysis of deep subsurface fracture fluids collected from 1.5 km below surface, 74 genomes were reconstructed three of which belonging to the class Dehalococcoidia (Momper et al., 2017) . Interestingly, two of these genomes lacked rdhA genes but harboured genes for sulfate and nitrate reduction. Another metagenomic analysis of aquifer sediment contaminated with uranium but not organohalogens retrieved two Dehalococcoidia-related genomes that similarly lacked rdhA genes but contained genomic potential for versatile heterotrophic life styles including fermentation, CO 2 fixation and acetogenesis (Hug et al., 2013b) . Combined with the reports from marine environments (Kaster et al., 2014; Wasmund et al., 2014; Fullerton et al., 2016; Wasmund et al., 2016) , these findings reinforce that OHR is not the sole metabolic mode of Dehalococcoidia members.
PCR-based methods were also applied in search of rdhA genes from pristine terrestrial environments. In microcosms prepared from pristine forest soil samples amended with chlorinated xanthones, including 2,7-dichloroxanthone (20) and 5,7-dichloro-1,3-dihydroxylxanthone (21), as analogues of natural organochlorines, a novel Firmicutes clade was enriched in the dechlorinating cultures compared to control cultures. Although rdhA genes could not be amplified using different published primers and methods (Krzmarzick et al., 2014) it cannot be excluded that novel rdhA genes were missed using primers designed for functionally characterized enzymes. In a step forward, application of a suite of PCR primers covering the known diversity of the rdhA gene family revealed a previously unrecognized diversity of rdhA genes some of which originating from pristine sediment from Lake Faro, Italy (Hug and Edwards, 2013) .
Dehalogenating isolates obtained from pristine environments
Of more than 70 OHRB available in pure cultures (Atashgahi et al., 2016) , only seven were isolated from pristine environments, including five Deltaproteobacteria and two Chloroflexi (Table 2) . Five isolates were obtained from marine and estuary sediments (Table 2 ) not reported to be exposed to anthropogenic organohalogens. However, complete lack of encounter with anthropogenic organohalogens cannot be excluded, especially in coastal harbours commonly reported to be contaminated with organohalogens (Kengen et al., 1999; Lu et al., 2017) . An exceptional example is Desulfoluna spongiiphila strain AA1 isolated from marine sponges known to produce a variety of organobromines (Ahn et al., 2009) . This bacterium grows readily using different bromophenols that are amply fond in marine environments whereas it is unable to use chlorophenols as electron acceptors (Ahn et al., 2009; Liu et al., 2017) . This trait is similar to Desulfovibrio sp. TBP-1 isolated Desulfomonile liminaris DCB-M (He et al., 2005) from estuary sediment that is unable to respire with chloroaromatics (Boyle et al., 1999a) but in contrast to Desulfovibrio dechloracetivorans SF3 that is unable to use bromophenols. Furthermore, Propionigenium maris (Watson et al., 2000) and strain DSL-1 (Steward et al., 1995) isolated from sediments inhabited by bromoaromatic-producing marine worms are similarly restricted to debromination during fermentative metabolism but do not couple the dehalogenation to growth. These findings point towards niche specialization of these microbes to marine environments rich in bromometabolites likely because they constitute the dominant form of bromine in the organic fraction of estuarine and marine sediments and hence account for a major reservoir of bromine in these environments (Gribble, 2010) . Therefore, biological material from sessile marine macroorganisms known as sources of organohalogens such as sponges, seaweeds, corals and hemichordates and the seabed sediment in their vicinity are promising candidates for cultivation and isolation of marine OHRB.
Synthetic versus natural organohalogens as electron acceptors
Anaerobic organohalogen biodegradation studies have focused on a rather narrow list of synthetic compounds that may explain why similar OHRB are repeatedly enriched from contaminated as well as pristine environments. Remarkable examples of enrichment of novel OHRB using (analogues of) natural organohalogens include populations belonging to Firmicutes and Chloroflexi clades distinct from known OHRB using mixtures of enzymatically produced organohalogens (Krzmarzick et al., 2012) and analogues of natural organochlorines (Krzmarzick et al., 2014) . The applied synthetic organohalogens, conversely, may not be physiological substrates of dehalogenating microbes. For example, poor kinetics of PCE dechlorination have been reported for the marine isolate Shewanella sediminis, implying that PCE was not its physiological substrate (Lohner and Spormann, 2013) . Similarly, a glutathione-dependent dehalogenase identified from the social amoeba Dictyostelium discoideum had the highest efficiency when acting on its natural biosynthetic aromatic organohalogen substrate (Velazquez et al., 2011) . Synthetic compounds with identical structure to natural organohalogens might have distinct isotopic composition of elements (e.g., C, Cl, Br, H) as was shown for the synthetic and naturally produced chloroform with distinct carbon (Hunkeler et al., 2012) and chlorine (Breider and Hunkeler, 2014) isotope signatures. In contrast to anthropogenic organohalogens with synthetic precursors, natural organohalogens are usually produced by halogenation of natural organic matter (Bastviken et al., 2009; Leri and Myneni, 2012; Leri et al., 2015) . It is, however, not known whether transport, uptake, binding and cleavage of natural and synthetic organohalogens with identical structures are different, and whether different reductive dehalogenases are induced by identical substrates with different origins, comprising an untapped field for future research.
Conclusions and outlook
Exploiting reductive dehalogenases, OHRB occupy a wide range of pristine environments around the globe presumably feeding on natural organohalogens. Obviously, this view is biased owing to the few ecosystems surveyed and the relatively narrow list of synthetic organohalogens applied for OHRB enrichment that neither matches the expanding range of environmental rdhA genes (Hug and Edwards, 2013; Lu et al., 2015; Hug, 2016) nor the dozens of functionally uncharacterized rdhA genes in the genomes of individual strains of OHRB. Halogenation and dehalogenation have a long history on Earth (Hashimoto et al., 1995; Gribble, 2010; Zinder, 2016) and the current bioremediation efforts likely take advantage of promiscuous nature of ancient reductive dehalogenases, which can act on manmade compounds even though these may not be their natural substrates. Studying dehalogenation of natural organohalogens with enormous structural diversity may aid in finding reductive dehalogenases tailored by evolution to efficiently act on their physiological substrates, and understanding their evolutionary origin. Availability of natural organohalogens for research purposes would facilitate this aim.
A growing number of metagenomic and single-cell genomic studies have been used in search of OHRB and/or rdhA genes from pristine environments. The decreasing costs and increasing depth of next generation sequencing approaches will further aid in detecting low abundance rdhA genes without the need for DNA pre-amplification especially in deep subsea sediments (Futagami et al., 2009; Kawai et al., 2014) .
Identification of the type and frequency of cooccurring organohalogens and halogenating and dehalogenating genes from deep subseafloor sediments will shed further light on the flux and fate of organohalogens in the deep biosphere. Similarly, to understand how the fate of these compounds are impacted by OHRB, it is necessary to know which electron donors exist in the deep biosphere and how the fastidious ORHB satisfy their nutritional needs in these ecosystems. Whereas the knowledge of OHRB in subseafloor sediment is increasing, no information is available about their occurrence in seawater. Material in sediment traps used in oceanography to measure the quantity of sinking NOC Organohalide respiration in pristine environments 943 in the form of marine snow was shown to be enriched in organohalogens originating from the halogenation of organic detritus (Leri et al., 2015) . Conversely, OHRB (and likely other dehalogenating microbes) are known to be biofloc-associated and/or suspended as planktonic cells in the aqueous phase (Rowe et al., 2008; Frauenstein et al., 2017) , and putative OHRB were reported from lake waters (Biderre-Petit et al., 2016) . As such, marine snow represents an interesting ecosystem to study the occurrence and environmental distribution of OHRB.
Inspiring findings have been obtained from interdisciplinary research on natural halogen cycling (Krzmarzick et al., 2012; Futagami et al., 2013; Weigold et al., 2016; Zlamal et al., 2017) , and a further understanding will benefit from collaborative efforts across disciplines, as happens in natural complex microbial communities.
